In this work, we study the synthesis of monodispersed Fe nanoparticles (Fe-NPs) in situ functionalized with oleic acid. The nanoparticles were self-assembled by inert gas condensation (IGC) technique by using magnetron-sputtering process. Structural characterization of Fe-NPs was performed by transmission electron microscopy (TEM). Particle size control was carried out through the following parameters: (i) condensation zone length, (ii) magnetron power, and (iii) gas flow (Ar and He). Typically the nanoparticles generated by IGC showed diameters which ranged from ∼0.7 to 20 nm. Mass spectroscopy of Fe-NPs in the deposition system allowed the study of in situ nanoparticle formation, through a quadrupole mass filter (QMF) that one can use together with a mass filter. When the deposition system works without quadrupole mass filter, the particle diameter distribution is around +/−20%. When the quadrupole is in line, then the distribution can be reduced to around +/−2%.
Introduction
In the last decades, nanotechnology research has increased considerably. This is an interdisciplinary area which includes physics [1] , chemistry [2] , biochemistry [3] , molecular biology [4] , medicine [5] , optoelectronic devises [6] , and protein engineering [7] , among others. The objectives of nanotechnology are the study, the understanding, and the control of the matter at atomic and molecular level. The investigation in nanotechnology has been centered principally in surface modified nanoparticles [8] , advanced administration in medicaments [9] , transistors [10] , interfaces with biological entities [11] , and other areas of the integration of nanosystems or nanoelectronics with biological entities as the oriented to the delivery of active biological entities [12] and; processing, manipulation, and detection of molecules or biological complexes [13] . Size control of the nanostructure allows obtaining new materials with functional and structural size-dependent properties. At this point, the research has focused basically on alloys and nanostructured composites [14] , advanced functional polymeric materials [15] , advanced functional nanostructured materials, and the incorporation of ordered molecular systems or nanoparticles in adequate substrates. However, the size control, shape, stability, and dispersibility of NPs in desired solvents are still a technological challenge. Therefore, providing proper surface coating and developing some effective protection strategies to keep the stability of NPs are very important. An unavoidable problem associated with particles in this size range is their intrinsic instability over longer periods of time. Such small particles tend to form agglomerates that reduce the energy associated with the high surface area to volume ratio of the nanosized particles. Moreover, naked metallic nanoparticles are chemically highly active and are easily oxidized in air, resulting generally in loss of magnetism and dispersibility, such as iron nanoparticles. For many applications it is crucial to develop protection strategies to chemically stabilize the naked magnetic nanoparticles against degradation during or after the synthesis. These strategies comprise grafting of or coating with organic species, including surfactants or polymers, or coating with an inorganic layer, such as silica or carbon. It is noteworthy that in many cases the protecting shells not only stabilize the nanoparticles but also can be used for further functionalization, depending on the desired application [16] .
A new generation of analysis instruments and fabrication at nanometric scale has been developed, for example, the system for the deposition and nanoparticle characterization from Mantis Deposition System (Nanosys500) [17] which allows obtaining nanoparticles with a controlled size ranging from 20 atoms up to 20 nm. Chemical methods have as principal advantage their low cost, but they have as main deficiency their difficulty to obtain nanoparticles with low size dispersion. Only under strict conditions (inert atmospheres, short reflux times, and reaction temperatures) it is possible to obtain nanoparticles with a small deviation in their size [18] . Conversely, in a chemical synthesis it has nanoparticles with sizes ranging from 5 nm to 100 nm, and this represents a technological disadvantage, considering that nanoparticle properties are mainly associated with their size. Another deficiency is the difficulty in growing nanoparticles with more than one component, for example, bimetallic nanoparticles, where it is necessary to have a precise and strict control of the chemical composition. On the contrary, the use of physical methods enables obtaining stoichiometric nanoparticles with controlled size and shape [14] . However, the high cost of these systems represents their main disadvantage. This paper presents the results concerned with too structural and chemical characterization of Fe nanoparticles synthesized in the inert gas condensation system Mantis Nanosys500 and deposited on silicon substrates.
Experimental Details
Nanoparticles were prepared by the inert gas condensation (IGC) technique [19] [20] [21] , using the Nanosys500 system (Mantis Deposition Ltd.) that employs sputtering technique as ion source [17] . The experimental set-up employed in this work for the production of size-selected Fe clusters is shown in Figure 1 . In this figure, one can see the main parts of the system; it has a nanocluster source that includes a DC magnetron-sputtering unit and the turbo molecular pump (300 L/s), a quadrupole mass filter, and a deposition chamber. The nanocluster source is the heart of the system to obtain the Fe nanoparticles; this has a device called Nanogen 50, where nanoclusters are produced and then they are channeled to the main deposition chamber to deposit them on the substrate as illustrated in Figure 2 .
In the gas-phase condensation technique, a cathodic erosion system is used with a DC magnetron to generate the supersaturated metallic vapor. The size-selected Fe nanoparticles deposition takes place through four main processes: sputtering, aggregation, filtering, and deposition. In the gasphase condensation technique, a cathodic erosion system is used with a DC magnetron to generate the supersaturated metallic vapor. The size of the nanoparticles can be modified by three parameters: (i) condensation zone length (that can be varied from 30 to 150 mm), (ii) magnetron power (ranging from 25 to 100 W), and (iii) flow of gases (Ar and He, partial pressure 1-2 × 10 −1 Torr). The condensation zone is defined as the distance between the magnetron head (erosion zone) and the first expansion aperture; this condensation zone can be modified by means of a linear drive actuator, reducing or increasing the distance between the magnetron head and the first expansion aperture, and in the same way, the accretion of the nanoparticle can be varied in time once the supersaturated vapor metal is aggregated, due to the increasing or decreasing of residence time for nanoparticles on the aggregation zone. Another parameter that modifies the nanoparticle size is the magnetron power; with higher magnetron power the sputtered atoms density from the target increases, leading to an increase of nanoparticle size. This relation has a linear increase as the saturation regime is reached, where an increment in power decreases slightly the nanoparticle size. The last parameter to modify the nanoparticle size is the gas flow (Ar and He), where Ar is used as erosion gas. By increasing the Ar flow the metal vapor pressure increases. When He gas was introduced in the chamber (which was used as carrier gas) and its flow was increasing, the NPs size is reduced; this reduction is associated with the collisions between the nanoparticles and the He molecules; thus the mean free path of nanoparticles is reduced, diminishing their size.
The Fe nanoparticles were deposited on Si substrates, with and without oleic acid covering in their surface. The Si substrates without oleic acid were sonicated in toluene to obtain a solution of Fe nanoparticles. The Si substrates with oleic acid were sonicated in toluene; the product was flocculated by adding ethanol and separated by centrifugation, decanting the supernatant. The precipitate was dispersed in toluene. The particles were characterized by transmission electron microscopy (TEM). In order to retain their crystalline characteristics and optical and electrical properties, the kinetic energy of nanoparticles was controlled by the energy cluster impact (ECI) technique [22, 23] , and the energy of acceleration was kept at 0.1 eV per atom in the nanoparticle, assuring a soft landing of nanoparticles on the substrate. In order to obtain monodispersed nanoparticles, the deposition time was few minutes up to 30 minutes.
Results
Among the advantages that Nanosys500 system can offer, we can mention, for example, that cluster distribution can be varied and the nanocluster source can be calibrated for optimum performance, in order to select the wished cluster size. The results of mass spectrum analysis for 1, 3, 4, 5, and 6 nm Fe nanoparticles are displayed in Figure 3 . The different mass profiles represent the capability of the inert gas condensation technique to prepare nanoparticles with a high resolved distribution size, and, hence, we can study their electrical, morphological, and optical properties based on the Fe nanoparticle size. Figure 4 displays the mass spectrum of Fe nanoparticles deposited on the Si substrates measured in the quadrupole mass spectrometer. TEM image of filtered 5 nm nanoparticle was acquired to obtain the size distribution of deposited nanoparticles as shown in Figure 5 (a). In this figure it is possible to distinguish a monodispersed size distribution of Fe nanoparticles centered at 5 nm. Nanoparticles were filtered through the quadrupole mass spectrometer. A high magnification micrography is presented in Figure 5 the effectiveness of inert gas condensation technique to obtain nanoparticles of predetermined size. Figure 6 shows TEM images of Fe nanoparticles coated with oleic acid deposited by IGC. We can see that particles
show high uniformity in a nearly spherical shape with the average diameter of 5 nm. After surface modification, the nanoparticles maintained their original spherical shapes without any deformation or coalescence due to particles aggregation and are self-organized in a hexagonal arrangement, confirming that nanoparticle surface has been stabilized. Oleic acid is widely used in ferrite nanoparticle synthesis because it can form dense protective monolayers; producing therefore, highly uniform in shape and monodisperse nanoparticles. Figure 7 shows the iron nanoparticles obtained in the experiments; the indexing was performed by Carine 3.1 software. The crystallographic distances found by the nanoparticle profile (right) correspond to (100) and (200) planes of cubic Fe (metal), according to the crystallographic chart with reference code 00-006-0696. Phases corresponding to oxides or other materials based on iron were not evidenced; this proves the efficiency of the stabilization method used in this work, whose distribution size, shape, and oxidation were controlled. Figure 8 shows the background subtracted energy loss spectra for the Fe nanoparticles with and without oleic acid. The label K indicates the energetic position of the oxygen K1 selector binding energy. L2 and L3 define the 2p1/2 and 2p3/2 binding energy of iron, respectively [24] .
The slight increase of intensity that can be seen at energies above the L3 edge is caused by electron scattering processes. The shift indicates the presence of metallic Fe for the oleic acid capped nanoparticles [25, 26] .
Conclusions
From previous results we can say that monodispersed Fe nanoparticles were obtained. The inert gas condensation technique allows us to prepare in situ oleic acid capped Fe nanoparticles with a high resolved distribution size. Due to the oleic acid stabilization, iron nanoparticles were selforganized in hexagonal arrays. This result opens a path for some possible applications: catalysis, chemical, biomedical, electronic, biological, and so forth. Due the nature of this kind of applications it is essential to count with a high control grade for the particle size. We were able to obtain Fe nanoparticles highly stabilized with the oleic acid molecule with a focalized size distribution. Phases corresponding to oxides or other
